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1Introduction: 
Highly volcanic exoplanets, which can be variously characterized as ‘lava worlds’, ‘magma
ocean worlds’, or ‘super-Ios’ are high priority targets for investigation. The term ‘lava world’
may refer to any planet with extensive surface lava lakes, while the term ‘magma ocean world’
refers to planets with global or hemispherical magma oceans at their surface. ‘Highly volcanic
planets’ may simply have large, or large numbers of, active explosive or extrusive volcanoes of
any form. They are plausibly highly diverse, with magmatic processes across a wide range of
compositions, temperatures, activity rates, volcanic eruption styles, and background gravitational
force magnitudes. Worlds in all these classes are likely to be the most characterizable rocky
exoplanets in the near future due to observational advantages that stem from their preferential
occurrence in short orbital periods and their bright day-side flux in the infrared. Transit
techniques should enable a level of characterization of these worlds analogous to hot Jupiters.
Understanding processes on highly volcanic worlds is critical to interpret imminent observations.
The physical states of these worlds are likely to inform not just geodynamic processes, but also
planet formation, and phenomena crucial to habitability. Volcanic and magmatic activity
uniquely allows chemical investigation of otherwise spectroscopically inaccessible interior
compositions. These worlds will be vital to assess the degree to which planetary interior element
abundances compare to their stellar hosts. We suggest that highly volcanic worlds may become
second only to habitable worlds in terms of both scientific and public long-term interest.
Background and Science Opportunities:
Three energy sources generally work together to power sustained activity on highly volcanic
worlds: (1) radionuclides, (2) insolation, and (3) tidal heating. Giant impacts provide transient
heat, as the presumptive Moon-forming impact temporarily converted Earth to a magma ocean. 
Radionuclides, for a young Earth analog, can lead to volcanism rates ~10× the modern Earth
rate. If formed closer to the center of the galaxy, near a recent supernova, or near a neutron star
merger, young planet radiogenic rates may be far higher. Many lava world candidates are in the
super-Earth category (masses ~1–10× that of the Earth’s), as a larger mantle mass leads to more
radiogenic material, fueling intense volcanic activity by a lower surface-to-volume ratio. 
Insolation does not drive volcanism alone, but can set extremely high surface temperature
boundary conditions (1500–3000 K) that exceed the melting point of many mineral species. Such
extreme radiative environments may produce worlds with localized to hemispheric surface
magma oceans [1, 2, 3]. Mass transport from these oceans may produce evolved magma
compositions and variegated surfaces where deposition is occurring [3]. Not only are such
processes likely to influence observational signatures (e.g., through phase curve variations), but
the ability to detect their manifestations may help constrain interior processes, volatile reservoirs
and a host of otherwise inaccessible planetary properties. Insolation may establish lava worlds
and magma worlds without excess internal heat. Additionally, insolation controls the existence,
structure, and dynamics of atmospheres on such planets. For observations, magma–atmosphere
interactions will be critical. It is an open question as to what magma ocean world conditions, if
any, might allow for the pressure build-up required for explosive-style eruptions.
Tidal Heating has the potential to generate internal heat rates millions of times the output of
the modern Earth [4]. The exact upper limits to such heating are uncertain, and will be driven by
the interplay between mantle partial melting, heat-pipe style magmatic escape from deep-mantle
sources, and issues concerning magma buoyancy and processing according to melting (solidus)
temperatures. Tidal heat of such magnitudes may be short-lived, such as terrestrial worlds
scattered temporarily into high eccentricity orbits [5], or driven into non-synchronous spin states
2by scattering or collisions. Alternately, intense heating may be sustained for billions of years in
quasi-equilibrium with mantle convection or advective cooling, if a planet is in MMR with a
large perturber, akin to Io in our Solar System. This is particularly important given the number of
compact near-MMR multi-planet systems already detected (including TRAPPIST-1).
Example Exoworlds: Candidate worlds include those that are so close to their host stars that
they are nearly disintegrating [6], all the way to outer planets/moons whose volcanism may be
tidally driven. Top candidates include: 55 Cnc e, TRAPPIST-1 b and c, COROT-7b, Kepler-10b,
WASP-47e, Kepler-78b, GJ 581e and GJ 1132b. Systems such as TRAPPIST-1, Tau Ceti, and
Kepler-90, suggest compact multibody terrestrial systems in Laplace-like MMR chains or near-
resonance are not uncommon. Such conditions are ideal for significant sustained tidal heating
and magmatic activity, which may thus be occurring at worlds only a few lightyears away. 
Observational Opportunities: The effects of large volcanic eruptions will be observable on
exoplanets with JWST [7, 8]. Given the biases inherent in the most prolific exoplanet detection
methods, highly volcanic planets are going to be some of the first characterizable rocky worlds.
Even relatively low SNR observations of 55 Cnc e have already yielded fascinating results that
require unique physical mechanisms as an explanation. Eclipse and transit variability, poor day–
night heat redistribution, a relatively hot nightside, and tentative detections of a sodium
atmosphere have all been observed for 55 Cnc e [9, 10, 11], and underpin the relatively unknown
surface environments on these worlds. Current and upcoming surveys such as TESS, PLATO,
and ground based surveys promise to find even more of these worlds, while JWST and next
generation ground based observatories will revolutionize our ability to investigate them.
Volcanic activity offers numerous pathways for observations, including: phase curve variations
[12, 13], transmission spectroscopy of stratospheric plumes and volcanically-generated
secondary atmospheres [7] (which could provide otherwise unobservable measurements of a
planet’s geochemistry and composition), direct IR observations of magma ocean surfaces or lava
lakes [14, 15], or dynamical inference from eccentricities or rotation rates [5]. 
Habitability: Highly volcanic worlds and the habitable-worlds class overlap in critical ways.
Volcanoes are well-established as essential for high-biomass surface life by refreshing surface
volatile elements and redox potentials generally, via the gradual outgassing of a mantle. Volcanic
outgassing modulates surface temperatures via sulfur compound release, aerosol production, ash
production, mantle degassing of water, and as the central component of carbon-cycle climate
feedback. Indeed, the only known inhabited world is also volcanically active, where subaerial
volcanoes alone provide tens of teragrams of CO2 to the surface annually [16]. This suggests a
new volcanic rate-dependent ‘Goldilocks Zone’, from minimal magma intrusion in the shallow
subsurface that can host low-biomass extremophile/deep biosphere life, to ideal redox states for
high biomass activity, up to volcanically prolific worlds that create a greenhouse but without full
mass extinction. TESS, JWST, and beyond will begin to probe this Goldilocks Zone from the
‘Venus/Hot’ end-member toward the ‘Mars/Cold’ end-member. Extreme submarine volcanism
on inundated planets may severely alter ocean chemistry, yet be challenging to detect. Such
habitability alterations may also be mediated by volcanism arising from tidal heat [17, 18].
Relevance to All Silicate Terrestrial Worlds: Supervolcanic worlds typically cool in time
as radionuclides decay, and may evolve into habitable worlds in later stages. Observational
constraints that can be found only from observing magma ocean worlds are in part, a form of
time machine: allowing a window into studying the magma ocean phase with which the Earth,
Mars, Moon, and perhaps a majority of all terrestrial exoplanets passed through after initial
accretion and mantle outgassing. Efforts to compare volcanism across planets in our Solar
